Summary Karyotype analyses have been useful for clarifying phylogenetic and evolutionary relationships among related species and sub-specific taxa. Within the 22 wild species in the genus Fragaria (Rosaceae), karyotype analyses had been restricted to diploid species. The objectives of this research were to determine the chromosomal morphology and analyze the karyotypes of wild octoploid and decaploid species within this genus.
In karyotype analysis, comparisons of chromosome shapes among some related species and sub-specific taxa have been used as key traits to clarify phylogenetic and taxonomic relationships (Stebbins 1971 , Levin 2002 . Higher similarity in chromosome shapes is considered to be indicative of closer phylogenetic relatedness. To evaluate chromosome similarity, cluster analyses have been performed using numerical karyotypic data among related taxa in Eupatorium (Watanabe et al. 1990) , Tunera (Solís Neffa and Fernández 2002) , Lathyrus (Seijo and Fernández 2003) , and Calamagrostis (Paszko 2006) . Results described in those papers imply that using the bulk of available karyotype data, including number, size, arm ratio, and other landmark chromosome features, can be helpful to suggest phylogenetic relationships among taxa.
Wild strawberry plants in genus Fragaria are distributed in temperate zones of Asia, Europe, North America, and South America. They have been classified into 22 species based on their morphological characteristics (Staudt 2009) . Fragariaϫananassa, the strawberry species of commerce, which was originally derived from a spontaneous hybrid of F. chiloensis (L.) Mill. and F. virginiana Mill. (Darrow 1966) , is included in the genus. These 2 wild species comprise the primary gene pool of genetic resources of crop wild relatives for strawberry (Hancock et al. 2001) , because these wild octoploid species are highy interfertile.
More than 80 years ago, Ichijima (1926) and Longley (1926) reported diploid (2nϭ2xϭ14), tetraploid (2nϭ4xϭ28), hexaploid (2nϭ6xϭ42), and octoploid (2nϭ8xϭ56) plants in the genus and determined the basic chromosome number as xϭ7. Since then, somatic chromosome observations of wild and cultivated strawberry plants have been conducted to confirm ploidy (Bringhurst and Gill 1970 , Bringhurst and Khan 1963 , Bringhurst and Senanayake 1966 , Kafkas et al. 2002 , Owen and Miller 1993 , Petrov et al. 1962 , Nathewet et al. 2007a , b, Yamaguchi 1980 , Yarnell 1929 , 1931a . Recently, Hummer et al. (2009) reported a decaploid number (2nϭ10xϭ70) for an accession (seed lot) of F. iturupensis.
Cytologists have examined chromosome pairing in pollen mother cells to clarify the genetic relationships and genomic composition between parents and progeny (Fedorova 1934 , Ibrahim et al. 1981 , Kihara 1930 , Scott 1950 , Senanayake and Bringhurst 1967 , Staudt et al. 2003 , Yarnell 1931b ). In addition, karyotype analysis was conducted on the diploid species, F. daltoniana J. Gay, F. hayatai Makino, F. iinumae Makino, F. nipponica Makino, F. nubicola (Hook. f.) Lindl. ex Lacaita, and F. vesca L. These differences among diploid species have been described (Iwatsubo and Naruhashi 1989 , 1991 , Lim 2000 , Naruhashi et al. 1999 ). More recently, Nathewet et al. (2009) reported the karyotypes of the 8 diploid, 3 tetraploid and 1 hexaploid species which were not examined previously. Further Nathewet et al. (2007b) separately compared each of the 56 chromosomes in a wild octoploid plant of F. chiloensis. However, few such karyotypic analyses have been reported among octoploid wild species and subspecies.
Wild F. virginiana is found in meadows and at the edges of woods throughout western and eastern North America. Wild F. chiloensis is native to the west coast of North and South America and to Hawaii (Staudt 1989 (Staudt , 1999 . Four sub-specific taxa have been described for each species based on morphology (Table 1) . To identify phylogenetic relationships between the wild octoploid species and their subspecies, numerical taxonomic analyses were performed using morphological and molecular biological data. By random amplified polymorphic DNA (RAPD) analyses and simple sequence repeat (SSR) marker analysis F. chiloensis and F. virginiana could be distinctly separated (Harrison et al. 1997b , Hokanson et al. 2006 . These analyses 278 Cytologia 75(3) P. Nathewet et al. (Harrison et al. 1997a) . Non-coding nuclear and chloroplast DNA analysis supported a sister relationship between F. chiloensis and F. virginiana (Potter et al. 2000) . Most recently Rousseau-Gueutin et al. (2009) examined the phylogeny of Fragaria using GBSSI-2 and DHAR nuclear genes sequences. They concluded that their results provided "evidence of the occurrence of multiple polyploidization events within Fragaria and of the allopolyploidy origin of the hexaploid and octoploid species". The objectives of this study were to estimate and compare the macrogenomic diversity within and between octoploid and decaploid Fragaria, and to propose phylogenetic relationships based on karyotype formulae and differences in gross chromosome morphology.
Materials and methods
Chromosome observations were conducted in 2008 at the US Department of Agriculture, Agricultural Research Service, National Clonal Germplasm Repository (NCGR) Corvallis, Oregon, USA, using 16 genotypes of octoploid and decaploid wild strawberry species (Table 1) . Root tips were harvested and pretreated with 2 mM 8-hydroxyquinoline at room temperature (22°C) for 1 h and then kept at 4°C for 15 h. The root tips were subsequently fixed in Farmer's solution (3 : 1 absolute ethanol : glacial acetic acid), soaked in 1 N HCl at 22°C for 1 h, macerated in 1 N HCl at 60°C for 11 min, and rinsed twice with distilled water. Root tips were stained and squashed with 1.5 lacto-propionic orcein solution. That procedure was similar to those used in Iwatsubo and Naruhashi (1989 Naruhashi ( , 1991 and Nathewet et al. (2007a Nathewet et al. ( , b, 2009a . Chromosomes in the somatic cells at the metaphase stage were observed and photographed at 100ϫ objective using a light microscope (BX51: Olympus Corp., Tokyo, Japan) equipped with a 3CCD camera (XD500 Olympus Corp., Tokyo, Japan).
For each genotype, at least 10 clear images in which chromosomes were separated one by one with clean cytoplasm were used to count the chromosomes. Then, for each genotype, 3 of the best images were selected for measuring the long and short arm length. All of the images were converted to black and grey scale pixel and treated for color contrast and brightness uniformity processed using software (Adobe Photoshop CS2 Adobe Systems Inc.). The respective lengths of the long arm (La) and short arm (Sa) of each haploid set chromosome were measured using software (FLVFS-FIS Flovel Co. Ltd., Tokyo, Japan). The nomenclature used for description of the chromosome morphology was proposed by Levan et al. (1964) . Metacentric (m), sub-metacentric (sm) and sub-telocentric (st) chromosomes were noted. As suggested by Levan et al. (1964) , the following parameters were estimated in each metaphase image to characterize the karyotype numerically: (1) total chromosome length (TCLϭÍ LaϩÍ Sa); (2) arm ratio (ARϭÍ La/Í Sa); (3) mean haploid chromosome length (MCL) and centromeric index (CIϭ100ϫÍ Sa/(Í LaϩÍ Sa)). A cluster analysis using the Ward method in JMP software (SAS Inc.) was conducted using karyotype numerical data. Variations for HCL, MCL, and CI among species were verified using one-way analysis of variance. Comparisons of means were made using a Tukey-Kramer HSD test at the level of pϽ0.05.
Results
The somatic chromosome images at metaphase stage are shown (Figs. 1, 2 and 3). The chromosome number for each accession is presented ( Table 2 ). The ploidy level of F. chiloensis and F. virginiana were octoploid with the exception of PI 551462, 1 aneuploid genotype, (2nϭ8xϪ2ϭ54) in F. chiloensis subsp. pacifica (Fig. 1E) and PI 551527, a decaploid genotype 2010 designated as F. virginiana subsp. platypetala (Fig. 3B) . The ploidy level of F. iturupensis PI 641091 was also decaploid (Fig. 3A) . The haploid sets of chromosomes in each accession are portrayed (Figs. 4 and 5) and the karyotype formula of each subspecies is presented ( 
Discussion

Variation of chromosome number in wild octoploid and decaploid strawberries
With 2 exceptions, F. chiloensis and F. virginiana were octoploid. These results were consistent with descriptions in previous reports (Darrow 1966 , Ichijima 1926 , Nathewet et al. 2007b , Staudt 1999 . The present study is the first to report decaploidy in a native octoploid F. virginiana (PI 551527 multiple ploidy levels at several localities California, so perhaps an equivalent situation could occur with F. virginiana. The aneuploid genotype of F. chiloensis subsp. pacifica PI 551462 is a second anomaly. Bringhurst (1990) proposed several possible origins for a natural decaploids in California: from a natural hybrid between (1) a reduced gamete of F. chiloensis and an unreduced gamete of a natural hexaploid between F. chiloensisϫF. vesca, or from (2) two unreduced gametes of natural pentaploid hybrids of F. chiloensisϫF. vesca. These explanations were based on natural pentaploids, hexaploids, and one natural enneaploid that they observed Khan 1963, Bringhurst and Senanayake 1966) . The location of the decaploid F. virginiana subsp. platypetala PI 551527 was at the east Shore of Big Lake, Willamette National Forest, in Oregon. The diploid, F. vesca subsp. bracteata (A. Heller) Staudt, is sympatric. Reports have not described the natural pentaploid or enneaploid strawberries in this area. These intermediates could be unstable and not long lived. Hybrids of F. vesca and F. virginiana can be produced artificially (Yarnell 1931b) . Consequently, we suggest that the decaploid PI 551527 may have arisen via the hybridization of octoploid F. virginiana subsp. platypetala and diploid F. vesca subsp. bracteata. Hancock et al. (2001) grew PI 551527 in multiple locations and evaluated the phenotypic morphology. They concluded that the plant had several desirable traits including large fruit, good color, winter hardiness, and disease resistance. This study confirmed that F. iturupensis was decaploid, in concordance with . Bringhurst (1990) suggested that a wild octoploid species and wild diploid species could produce a decaploid. Staudt (1973) first described F. iturupensis as octoploid but no plant material of the original description is extant. Further plant exploration is needed on Iturup Island to locate or relocate octoploid F. iturupensis and see if F. iinumae, a likely diploid from that region, may be nearby. More detailed phenological and genetic analyses are needed to clarify the genetic background of decaploids in F. virginiana and F. iturupensis.
The chromosome numbers of the aneuploid PI 551462 in F. chiloensis subsp. pacifica were confirmed using more than 10 root tips. Almost all of the somatic cells had 2nϭ8xϪ2ϭ54 chromosomes. The aneuploid phenotypically resembled F. chiloensis. A few studies have confirmed the existence of the wild aneuploid plants in the genus Fragaria. Stebbins (1971) proposed a dislocation hypothesis and explained how aneuploid plants could be formed. The parental plant could have a normal chromosome number with a small chromosome having only a centromere portion and no active genes. The results of the present study also show a very small chromosome in F. virginiana subsp. platypetala PI 551639. This small chromosome may be a part of an m chromosome which lost a majority of the long arm and led to the changes in the chromosome morphology. Previous karyotype analysis in diploid species by Iwatsubo and Naruhashi (1991) showed that one plant of F. daltoniana had the small chromosome. They concluded that the long arm of that small chromosome must have been deleted. The small chromosome might be the same phenomenon that Stebbins (1971) indicated. The existence of the aneuploid could be explained using the dislocation hypothesis, considering the existence of the small chromosome.
Variation of karyotypes in wild octoploid and decaploid strawberries
For all taxa, karyotypes were composed exclusively of m and sm chromosomes, excepting F. chiloensis subsp. sandwicensis and F. iturupensis which had one pair of st chromosome. Judging from the statistical differences of the means and karyotype morphology, F. virginiana had wider variations in the number of m chromosomes, MCL, HCL, and CI, than those of F. chiloensis. Particularly, variations of the m chromosome number in each accession can be considered remarkable because Stebbins (1971) reported a predominant trend in flowering plants toward increasing karyotype asymmetry. That trend is by no means irreversible, but less common in flowering plants. According to his theory, the accessions that had a high number of m chromosomes and similar karyotype, for example, each accession of F. chiloensis and F. virginiana subsp. grayana, would maintain the karyotypes of ancestral plants. Furthermore, some accessions of F. virginiana where the m chromosome number was low had more diverse chromosome types than other accessions of F. virginiana and F. chiloensis. These results might reflect from genetic differentiation of F. virginiana across broader geographic and ecological range than F. chiloensis. Hokanson et al. (2006) also reported wider genetic diversity in F. virginiana than F. chiloensis based on DNA analyses using SSR markers. In this study, the diversity of chromosome types found in F. virginiana suggests that the accumulation of chromosome rearrangements involves in the chromosome evolution of this species.
The phylogenetic relationships based on karyotype similarities suggested that F. chiloensis and F. virginiana, with the exception of F. virginiana subsp. grayana PI 616699, could be separated clearly using the karyotype morphology. These 2 species can also be separated based on molecular marker analysis and phenotypic morphology , Harrison et al. 1997b , Hokanson et al. 1993 , 2006 . Our cluster analysis also suggests that the North American F. chiloensis subsp. lucida and F. chiloensis subsp. pacifica were mutually close, but were distinct from the South American accessions. These results are in agreement with the report of Catling and Porebski (1998) and Hokanson et al. (2006) , indicating that there were high similarities of phenotypic morphology and molecular biological aspects between subsp. lucida and subsp. pacifica. Furthermore, F. virginiana subsp. grayana was separate from F. virginiana group and clustered with F. chiloensis accession from South America. However, a previous report based on DNA analyses using SSR markers showed that the subspecies of F. virginiana clustered in the same clad (Hokanson et al. 2006) . Unfortunately, in the present research, because of limited sampling, it is difficult to indicate in more detail about the phylogenetic relationships among subspecies level of the octoploid species based on the karyotype similarities. Therefore, to get a better understanding of the evolutionary trend at the subspecies level of the wild octoploid species, it is necessary to examine larger number of plant samples in each subspecies. In addition, F. iturupensis clustered in the same group with F. virginiana its chromosome morphology is similar to F. virginiana subsp. glauca, indicating that F. iturupensis is more closely related to F. virginiana than F. chiloensis. Staudt (1999) and Hummer and Sabitov (2008) described F. iturupensis as resembling F. virginiana subsp. glauca with respect to leaf texture and color and plant growth habits. However, the fruit shape was different from F. virginiana subsp. glauca, with more resemblance to F. vesca. Based on our results, F. iturupensis might share some of the same ancestors and genomic composition as the octoploid F. virginiana, even though the origin of F. iturupensis remains obscure. Recently, phylogenetic of GBSSI-2 and DHAR nuclear genes analysis indicated that F. iturupensis and 2 wild octoploid species resulted from hybridization events that combined genomes originating from F. vesca, F. mandshurica and F. iinumae (Rousseau-Gueutin et al. 2009 ). They also suggested that F. iturupensis is of early origin comparated to North American octoploids.
Phylogenetic relations between diploid and octoploid strawberries from the perspective of karyotype analysis
Fragaria vesca and F. iinumae are likely as genome donors in allopolyploidisation process of the octoploid strawberries (Potter et al. 2000 , Folta and Davis 2006 , Davis et al. 2009 , RousseauGueutin et al. 2009 ). Iwatsubo and Naruhashi (1989) and Naruhashi et al. (1999) had already exhibited the karyotypes of F. daltoniana, F. hayatai, F. iinumae, F. nipponica, F. nubicola and F. vesca . Fragaria vesca had 4 m, 2 sm, and 1 st chromosomes in the haploid set, while F. iinumae 6 m and 1 st chromosomes. In addition, F. iinumae had the largest number of m chromosomes in the haploid set among almost all diploids including with F. bucharica, F.ϫbifera, F. chinensis, F. manchurica, F. nilgerrensis, F. pentaphylla, and F. viridis (Nathewet et al. 2009b) . On the other hand, Bringhurst (1990) reported the genome structure of the octoploid strawberries was AAAЈAЈBBBЈBЈ. Current molecular evidence is consistent with classical predictions that 3 or more distinct genomes are represented in octoploid strawberries, but it remains a possibility that genome composition may vary within and between octoploid species (Davis et al. 2009 , Rousseau-Gueutin et al. 2009 ). In our study, F. chiloensis and F. virginiana had a maximum of 25 m chromosomes in the haploid set of 28 chromosomes. To get such a large amount of m chromosomes, this may indicate as many as 4 copies of a genome similar to F. iinumae. Rousseau-Gueutin et al. (2009) indicated that F. iinumae may share a common genome donor as paternal parent with the octoploid strawberries. To obtain more detail of genomic composition in both octoploid and decaploid strawberries, additional analysis are required such as FISH with ribosomal DNA and GISH with genomic DNA of the candidate genome donor species.
